Introduction
Nuclear waste solutions, which are produced by the plutonium and uranium recovery by extraction (PUREX) reprocessing of spent nuclear fuel, contain trace amounts of Pu along with other actinides and lanthanides. Plutonium is one of the most important analytes in the field of nuclear fuel recycling from the viewpoint of the non-proliferation of nuclear materials. All countries that have signed the Treaty on the Non-Proliferation of Nuclear Weapons as non-nuclear weapon states have to provide detailed accounting records for their fissile materials to the International Atomic Energy Agency (IAEA). Therefore, nuclear plant operators need to determine the amount of Pu in the various processes even if only trace quantities are present in aqueous waste solutions. For determining Pu concentration in reprocessing solutions, isotope dilution mass spectrometry (IDMS) [1] [2] [3] [4] [5] [6] is used for accountability analyses at the Tokai Reprocessing Plant (TRP). In general, IDMS is the most reliable analytical method for the accountability measurements of nuclear materials in spent fuel reprocessing plants. However, such a traditional method involves tedious procedures and requires highly skilled operators to separate the analyte from complicated matrices such as waste solutions. Although spectrophotometry [7] [8] [9] is very simple and is widely used for quantitative analyses in various fields, the application of this method in nuclear materials management is difficult with respect to its sensitivity due to its relatively high detection limits.
Laser-induced photoacoustic spectroscopy (LIPAS) 10,11 is a versatile and highly sensitive spectroscopic technique for analytical determination of metallic ions in aqueous solutions. The magnitude of photoacoustic signal, which involves absorption of light energy by a molecule and the subsequent detection of a pressure wave caused by heat energy released by the molecule upon return to the ground state, is directly proportional to the concentration of an analyte. LIPAS is expected to be an ideal method for detecting trace amounts of Pu due to the 100-to 1000-fold increase in sensitivity compared with conventional absorption spectroscopy. Furthermore, LIPAS is useful method for remote operations of isolated nuclear materials because the measurement cell can be compact and laser light is transferred freely using optical fibers. Therefore we search for applications of LIPAS in the determination of Pu concentration in nuclear waste solutions at TRP. This study deals with the method based on the measurement of Pu(VI) with maximum absorbance at 830 nm, which facilitates the determination of the total concentration of Pu owing to a sharp absorption peak and large molar absorptivity (ε = approx. 500 M -1 cm -1 in 3 M HNO3).
Experimental
Apparatus A schematic diagram of the LIPAS system used in this study is shown in Fig. 1 . A Q-switched Nd:YAG laser (532 nm, BMI 502 DNS 77/10)-pumped dye laser (BMI LDL105) was used as a light source, yielding dye pulse energy up to 4 mJ with a 5-ns pulse width. In this study, styryl 9 (Indeco, Inc.) with a spectral range of 790 -845 nm was used as a dye medium. Laser-induced photoacoustic spectroscopy was used in a quantitative analysis of Pu in HNO3 medium. Plutonium was quantitatively oxidized to Pu(VI) using Ce(IV). The photoacoustic measurement of Pu(VI) with maximum absorption at 830.5 nm was subsequently performed to determine the concentration. The photoacoustic signal was linearly proportional to the Pu(VI) ion concentration. The detection limit of Pu(VI) was estimated to be 0.5 μg mL -1 (3σ) in 3 M HNO3. By the proposed method, Pu concentration was successfully determined in a nuclear waste solution for use in nuclear materials management. pulse energy and the pulse width of the laser were measured using a joule meter (Molectron, J3-02) in order to synchronize a photoacoustic signal with the laser light and to normalize the observed signal by the magnitude of the energy. In Fig. 2 , a custom-made LIPAS cell that was equipped with a matched piezoelectric transducer (PZT, Teitsu 3322A 5C6I) as a detector is shown. This detector was a flow-through type, which facilitates sample replacement for remote operations. The cell path length was 10 mm and the internal volume was about 2 cm 3 . The LIPAS cell was installed in a shielded container to manipulate radioactive materials. A sample solution in the shielded container was irradiated with laser light transmitted through a 10-m-long optical single fiber (Mitsubishi Cable Industries, cladding diameter: 1.2 mm). The output signal from the PZT was magnified using a preamplifier (NF Electronic Instruments, 5305). A total of 300 signals was accumulated and averaged using a digital storage oscilloscope (Tektronix, TDS 460) to obtain a pressure wave.
Chemical and reagents
A Pu stock solution (100 μg mL -1 ) was prepared by dissolving a reference material (NBL CRM126) in 3 M HNO3. Working standard solutions were prepared by diluting the stock solution with 3 M HNO3. A standard of 242 Pu ( 242 Pu 99.9057 ± 0.001%, 242 Pu/ 239 Pu 1210.0 ± 5.9) provided by IAEA was used to spike the sample for IDMS as a reference method. A mixture of HF (0.025 M) and HNO3 (8 M) was used for dissolution of a certain amount of insoluble materials in samples. A 0.5 M Ce(IV) solution prepared by dissolving Ce(NH4)2(NO3)6 in 3 M HNO3 was used as an oxidant. All of the chemicals used were of analytical reagent grade. All water was deionized and subboiled-distilled.
Sample preparation
Although it is known that Pu(IV) ion absorbs 475-nm wavelength light and is in the most stable state in the acidic solution (e.g. 3 M HNO3), it is difficult to determine its concentration due to the absorption characteristics of other fission products. Further, peaks from these fission products overlap the Pu(IV) absorption peak in the solution because Pu(IV) has a low extinction coefficient. Therefore the Pu in the sample was quantitatively oxidized to a hexavalent state, having a sharp absorption peak with relatively higher extinction coefficient at 830 nm, where there is less interfering absorption of other species. To examine the analytical features of LIPAS of Pu(VI), we performed fundamental experiments using a series of the working standard solutions of Pu. A 1-mL sample solution was filled in a flask. A 2-mL Ce(IV) solution was used as an oxidant. This solution was added into the flask and was permitted to stand for 5 min to oxidize Pu to Pu(VI). 9 All suspended particles in the sample solution were removed by filtering through a paper filter (TOYO No. 5C) to reduce interference in LIPAS measurement due to light scattering.
When analyzing a real sample, we filled a 1-mL of a highly radioactive waste solution in a flask. This solution was obtained after the dissolution of spent fuel in nitric acid. Solids containing Pu oxides precipitate in this dissolution reaction. 12, 13 To dissolve the solid precipitates, 2.0 mL of an acid mixture of HF (0.025 M) and HNO3 (8 M) was added to the flask, and the sample was then heated at 150˚C on a hot plate to near dryness. The dried sample was maintained at room temperature for 5 min and was then re-dissolved in 3 M HNO3.
Spectral measurement
The prepared sample solution was introduced into the LIPAS cell and was set to room temperature. A blank solution of 3 M HNO3 was also measured to correct the background signal. A spectrum was obtained by measuring the photoacoustic signal ranging from 815 to 845 nm.
Reference method
IDMS was selected as a reference method for validating the LIPAS determination of Pu concentration in the highly radioactive waste solution obtained from TRP. Two aliquots from the sample solution were spiked with 242 Pu. Another aliquot from the same sample solution was used for isotopic analysis. The treatment for dissolving the solid precipitates present in the sample was performed as per the same procedure as described earlier. The separation of Pu was accomplished by passing the solution through an anion-exchange column (BioRad AG1-X4, 100 -200 mesh). The purified Pu fraction was evaporated and re-dissolved in 1 M HNO3 to yield a concentration of 1 mg mL -1 . The isotope abundance ratio measurements on the prepared sample were then performed by thermal ionization mass spectrometry using a Finnigan MAT 262. 
Results and Discussion

Analytical features
The photoacoustic (PA) spectrum of the Pu(VI) ion at a concentration of 100 μg mL -1 in 3 M HNO3 is shown in Fig. 3  (see the spectrum B ). This PA spectrum shows a very useful feature for quantitative analysis, i.e., a relatively sharp Pu(VI) peak (full width at half maximum: FWHM = 5.5 nm), with a peak maximum at 830.5 nm. The background-subtracted photoacoustic signal of Pu(VI) was obtained by measuring the maximum peak intensities at 830.5 nm at concentrations ranging from 1.0 to 100 μg mL -1 with a correlation coefficient of 0.9998. The measured PA signal was linearly proportional to the Pu(VI) ion concentration. The detection limit based on the 3σ of background signals was found to be 0.5 μg mL -1 . This indicates that a 10-to 100-fold improvement in the detection limit of concentration was achieved compared with conventional absorption spectroscopy. The performance of the LIPAS system for measurement precision was also evaluated using the Pu stock solution with a concentration of 100 μg mL -1 . The obtained result showed a relative standard deviation of 2.0% with ten replicate measurements.
Effect of acidity
The effect of varying the acidity (HNO3: 1 -6 M) was investigated for the LIPAS measurement. Figure 3 shows the PA spectra of Pu(VI) for different concentrations of HNO3. An obvious dependency on the concentration of HNO3, in which the PA signal increased with an increase in acidity and the shapes of spectra varied in each acidity, existed in the LIPAS measurement. These effects may result from differences of specific heat which affect the intensity of PA signal, and from variations of the coordination number of nitrate ions for Pu(VI) in different concentrations of HNO3. Therefore, determination of Pu(VI) concentration by LIPAS should be performed with the same acidic condition in a series of measurements. As the medium of sample to be analyzed was usually 3 M HNO3, the concentration of HNO3 was then adjusted to 3 M, in order to avoid tedious procedures for all subsequent experiments in this study.
Effect of foreign ions
The effects of various ions at μg mL -1 levels on the PA signal of Pu(VI) were examined using a simulated nuclear waste solution. The chemical composition of the synthetic mixture, which was synthesized based on a typical product of highly radioactive liquid waste at TRP, is listed in Table 1 . PA measurements for Pu(VI) ranging in concentration from 5 to 200 μg mL -1 were performed on the sample containing only Pu in a 3 M HNO3 medium and the sample containing Pu in the synthetic mixture. The analytical results are summarized in Table 2 . The results indicated that foreign ions do not affect the PA measurement of Pu(VI).
Determination of Pu in a highly radioactive waste solution
Plutonium in an actual sample of highly radioactive waste solution obtained from TRP was analyzed by the LIPAS method. Figure 4 shows the PA spectrum of Pu(VI) in the sample after oxidation with Ce(IV), which is similar to the results obtained by the above-mentioned experiments with the synthetic mixture. In this case, the peak height at 830.5 nm was evaluated by subtracting the mean value of PA signals at 825 and 835 nm. The concentration of Pu was determined to be 20.0 ± 0.4 μg mL -1 with the peak maximum at 830.5 nm. This value is in good agreement with the result obtained by IDMS, 22.0 ± 0.1 μg mL -1 . The time required to complete the analysis including the sample treatment was about 4 h. 
Conclusions
An analytical method based on LIPAS was demonstrated for determination of Pu concentration in nuclear waste solutions. This method shows a Pu(VI) detection sensitivity much higher than that available with conventional absorption spectroscopy and offers relatively easy and rapid determination of Pu concentration in HNO3 medium. The sensitivity of the Pu(VI) detection can be further improved by using an optimized measurement system having more suitable optical fibers for emitting high-energy laser beam. In addition, this approach greatly reduces the complexity of analysis compared with IDMS, because it does not involve a complicated procedure. Therefore, the proposed method can be used to determine trace amounts of Pu in spent nuclear fuel reprocessing streams for use in nuclear materials management.
